This study relates to the input and fate of fossil organic matter (FOM) in the modern environment, and focuses on two experimental watersheds overlying Jurassic marls: Le Laval and Le Brusquet (1 km 2 in area), located near Digne, Alpes-de-Haute-Provence, France. Considering that FOM delivery is mainly a result of different processes affecting sedimentary rocks [(bio)chemical and mechanical weathering], samples from different pools were collected: bedrocks, weathering profiles, soils and riverine particles. The samples were examined using complementary techniques: optical (palynofacies methods), geochemical (Rock-Eval 6 pyrolysis, C/N ratio), molecular (gas chromatography/mass spectrometry) and isotopic (stable C isotopic composition). As a result, FOM markers were identified and tracked through the different pools. The results highlight the contribution of FOM, which can be found in all the studied pools. Transfer of FOM between bedrocks/weathering profiles (governed mainly by chemical weathering) and bedrocks/riverine particles (governed mainly by mechanical weathering) reveals any qualitative change. Weathering profiles/soils transition [governed by (bio)chemical weathering] is characterized by alteration of the FOM, which is difficult to describe because fossil material is mixed with recent organic matter (ROM). Despite this latter point, the study provides evidence for a relative resistance of FOM to weathering processes and points to its contribution to the modern geosystem and the C cycle.
Introduction
The current increase in atmospheric CO 2 since the industrial revolution could induce a series of climatic, environmental and human consequences which are still poorly understood, but potentially alarming (IPCC, 2007) . Many studies focus on the numerous unknowns concerning the mechanisms controlling C fluxes which occur between different C pools such as atmosphere, hydrosphere, soil, biomass and lithosphere ( [Houghton, 1998 ] and [Houghton, 2005] ).
For the [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] decade, an initial assessment shows that deforestation and fossil C burning could respectively release 1-2.7 and 5.4-6.6 Gt C/a into the atmosphere ( [Watson et al., 1990] , [Houghton, 1991] and [Houghton, 1998] ). Considering that 1.7-2.8 Gt C/a are pumped every year by the oceans (Sarmiento and Sundquist, 1992) , the increase in atmospheric CO 2 has been estimated to be from 4.7 to 5.3 Gt C/a. However, such estimates are largely higher than current measurements, which give values that do not exceed 3.4 Gt C/a ( [Watson et al., 1990] , [Schimmel, 1994] , Amiotte-Suchet, 1995 , [Houghton, 1998 ] , [Houghton, 2005] and IPCC, 2007) .
Fluxes between the atmosphere, biosphere and oceans have been successively raised to explain this difference ( [Tans et al., 1990] , [Dai and Fung, 1993] , [Harrison and Broecker, 1993] , [King et al., 1995] and [Kaufmann and Stock, 2003] ), but the difference does provide evidence that many unknowns affect the proposed estimates. For example, the fate of fossil organic C (FOC) released by the weathering of sedimentary rocks and metamorphic rocks, which can supply soil, rivers and the atmosphere, remains poorly examined and misunderstood. Indeed, numerous estimates of soil and river C amounts or fluxes have been calculated ( [Holland, 1978] , [Adams et al., 1990] , [Degens et al., 1991] , Probst, 1992, [Eswaran et al., 1993] , Amiotte-Suchet, 1995, [Balesdent, 1996] , [Batjes, 1996] , Adams and Faure, 1996, [Ludwig et al., 1996] , [Carter et al., 1997] and [Aitkenhead and McDowell, 2000] ). All these estimates rely on the prerequisite that the organic C (OC) occurring in soil or loaded into rivers originates exclusively from present day biological production. They do not take into account numerous field studies that have shown the occurrence of FOC in modern C pools such as soil ( [Lichtfouse et al., 1997a] , [Lichtfouse et al., 1997b] , [DiGiovanni et al., 1998 ] , [Di-Giovanni et al., 1999] , [Di-Giovanni et al., 2000] , [Blair et al., 2003] and ), rivers ( [Dow, 1977] , [Bilodeau et al., 1990] , [Di-Giovanni et al., 2000] , [Kao and Liu, 1996] , [Masiello and Druffel, 2001] , [Blair et al., 2003] , [Blair et al., 2004] , [Blair et al., 2010] , [Raymond and Bauer, 2001] , [Raymond and Bauer, 2004] , [Gomez et al., 2003] , [Komada et al., 2005] , , [Leithold et al., 2006] and [Hilton et al., 2008] ) and recent sediments ( [Groot et al., 1967] , [Groot and Groot, 1971] , Combaz et al., 1977, [Truswell and Drewry, 1984] , [Hart et al., 1994] , [Tyson, 1995] , [Di-Giovanni et al., 1997] , [Di-Giovanni et al., 1998 ] , [Di-Giovanni et al., 1999] , [DiGiovanni et al., 2000] , , [Moran et al., 1998 ] , [Ludwig, 2001] , [Leithold and Blair, 2001] , [Blair et al., 2003] , [Blair et al., 2010] , [Wakeham et al., 2004] , [Dickens et al., 2004a] and [Dickens et al., 2004b] ), thereby revealing a strong resistance to weathering processes and its importance on a global scale.
The present study attempts to help clarify the fate of FOM (bearing FOC) released from rock weathering and proposes a first field study marked by a "multi-pool-multi-analytical" approach. Optical, isotopic chemical and molecular investigations have been conducted with the aim of estimating the FOM contribution to various continental C reservoirs such as weathering profiles, soil and riverine loads. This work focuses on watersheds lying on marly bedrocks as these rocks are characterized by (i) a significant amount of FOC (generally >0.5%, Ronov and Yaroshevskiy, 1976) , (ii) a strong erodibility (Nadal-Romero et al., 2008) and (iii) a widespread area on continental surfaces (Amiotte-Suchet et al., 2003) . In addition, the sampling sites are experimental watersheds monitored by the Cemagref where numerous parameters (geomorphologic, land-cover, lithologic) are already known.
Experimental research site and sampling
The study area corresponds to two experimental watersheds -Le Laval, 0.86 km 2 (44°08′33″N, 06°22′05″E) and Le Brusquet, 1.08 km 2 (44°09′46″N, 06°19′38″E) -located near Digne, Alpes-de-Haute-Provence, France (Mathys, 2006; Fig. 1a) . These watersheds were chosen because they overlie Jurassic marly bedrocks (Bajocian to Oxfordian age) containing at least 0.5% of FOC (Artru, 1972) . These rocks are also very sensitive to weathering and develop typical badlands morphology with V-shapes gullies, providing highly loaded floods (Mathys et al., 2003) .
Le Laval watershed (Fig. 1b) has a poor vegetation density (21%) mainly composed of grass, graminaceous plants, broom, scots pine and oak overlying Callovo-Oxfordian marly limestones. Le Brusquet watershed (Fig. 1c) is covered extensively (87%) by scots pine forest overlying Toarcian black shales, upper Aalenian grey shales, lower Aalenian limestones and Bajocian marly limestones.
The investigation focused on representative samples and profiles containing FOC. If FOC is well containing in the sedimentary rocks (five bedrock samples), other assumed FOC reservoirs were also investigated, regolith (five weathering profiles with different rocks and land cover context), riverine particles (eight samples collected at the outlets) and soils (five soil profiles). Some of these analyzed samples have already been studied .
Bedrock samples
Five samples (T4, Br-2R, Br-6R2, Br-4R2 and L8TO9, Fig. 1b and c) corresponding to the different geological facies outcropping in the watersheds were sampled (Callovo-Oxfordian, Bajocian, upper-Aalenian, lower-Aalenian and Toarcian).
Soil profiles
Five soil profiles were sampled according to geological facies: LA 3 and LA 5 overlie Callovo-Oxfordian marls (Fig. 1b) and are covered by dense or open pine and oak forest, BR4, BR6 and BR10 overlie, respectively, lower Aalenian limestones, upper Aalenian, and Toarcian shales (Fig. 1c) . They are covered with dense pine forest. When possible, different soil horizons such as litter layer (OL), fragmentation layer (OF), humic layer (OH) and organo-mineral layer (A) were sampled.
Watershed weathering profiles
Five weathering profiles were sampled according to geological facies. Three originate from Le Laval watershed (A-LAV1, A-LAV2, A-LAV3, Fig. 1a and d) are located on marly Callovo-Oxfordian bedrock. Two profiles from Le Brusquet watershed are located on (i) marly Toarcian bedrock (A-BRV1) and (ii) upper Aalenian bedrock (A-BRV2) ( Fig. 1c and  d) .
A-LAV1 (60 cm) is a soil/weathered rock (alterite) profile (Fig. 1d ) from a flat pasture area. The profile is composed mainly of clay for the first 30 cm, and of a mixture of clay and rock fragments. Ten samples were collected every 6 cm.
A-LAV2 (30 cm) is an alterite/bedrock profile (Fig. 1d ) from a flat area without vegetation. Two types of material were distinguished: compact fragments of rock (pl) and fine and friable elements (tf). Ten samples were collected (8 pl and 2 tf) every 3 or 4 cm.
A-LAV3 (40 cm) is an alterite/bedrock profile (Fig. 1d ) from a slope without vegetation area. Seven samples (pl) were taken every 5 or 6 cm.
A-BRV1 (40 cm) is an soil/alterite profile (Fig. 1d ) from a flat wooded area. The profile is composed mainly of a mixture of clay and rock fragments. Ten samples (8 pl and 2 tf) were collected every 5 cm.
A-BRV2 (40 cm) is a soil/alterite/bedrock profile (Fig. 1d ) from a flat and wooded area. The profile consists of soil horizons (OH and A) for the first 15 cm, followed by 20 cm of alterite and by bedrock. Seven samples (5 pl and 2 tf) were collected every 5 cm.
Riverine particles
Eight riverine particle samples from the two watersheds were sampled according to the season. Four suspended load samples (SL) come from Le Laval watershed stream and were collected using automatic sampling during spring, summer and autumn (LA SL 19/03/01, LA SL 28/04/00, LA SL 15/06/00, LA SL 12/10/00). The SL sample from Le Brusquet watershed was collected during spring (BR SL 15/06/00). Two bed load (BL) samples from Le Laval watershed were also collected during spring and summer (LA BL 28/04/01, LA BL 16/06/00) and one from Le Brusquet watershed during summer (BR BL 28/04/01).
Methods

Optical investigations
Optical investigations (palynofacies method) were performed with a DMR XP Leica microscope by using the transmitted light mode. Initially developed by Combaz (1964) , the palynofacies method consists of a study of thin slides of a total assemblage of particulate organic matter isolated from sedimentary rocks using HCl-HF. Organic concentrates are then filtered (250 μm). The approach involves the distinction of different categories of petrographic components based on their size, form, texture and color, and an estimate of their relative proportions in the particular organic assemblage ( [Combaz, 1980] and [Tyson, 1995] ). Relative quantification was performed with a 50× objective and it is effective when 500 particles are counted, because variations of relative abundances were also lower than 5% (Sebag et al., 2006a) .
Eight categories of organic particles were identified in the samples (Fig. 2a) : (i) gelified debris (GD) that have homogeneous contours and textures and show high reflectance under reflected light observations, (ii) cuticle fragments (Cut), (iii) spores and pollen (SP), (iv) mycelium fragments (Myc), (v) lignocelluloses fragments (LC) with recognizable woody structure, (vi) opaque lignocellullose fragments (OLC) not displaying any identifiable structure and showing high reflectance under reflected light observation (R0% between 1% and 3%, Fig. 2b ), (vii) corroded outline opaque lignocellullosic fragments (CoOLC) resulting from combustion of biomass during wildfires or human activities (pyrofusinite particles) or resulting from air oxidation without heating prior burial (fusinite particles), (viii) reddish amorphous organic matter (RAOM) consisting of a group of colloidal particles without homogeneous contours and texture with a dark red color under transmitted light (no reflectance). The relative proportion of pyrite (resistant to acid treatment) is also mentioned.
Chemical investigations
The geochemical signature of the samples was acquired by using Rock-Eval 6 pyrolysis (RE6, Vinci Technologies®). Previously developed for petroleum purposes and the analysis of sedimentary rocks, the method has been now been successfully tested for recent material ( [Di-Giovanni et al., 1997] , [Di-Giovanni et al., 1998 ] , [Noël et al., 2001] , [Disnar et al., 2003] , and [Sebag et al., 2006b] ).
The protocol consists of two successive stages following a temperature programming of 25 °C min −1 . The first consists of pyrolysis of 100 mg of crushed sample in an oven. Hydrocarbon and oxygenated products released during a temperature increase from 200 to 650 °C are removed via a N 2 flow and quantified with flame ionization and infrared detectors. The second stage consists of an oxidation in an oven and in the presence of air, of the carbonaceous residue subjected to a temperature increase from 400 to 750 °C ( [Espitalié et al., 1985] and [Lafargue et al., 1998] ).
This analytical method provides a number of parameters such as (i) T max (°C), the temperature at which the maximum hydrocarbon (HC) release occurs, and (ii) the hydrogen index (HI, in mg HC g −1 TOC), which can be defined as an indicator of the H richness of the analyzed sample. The amount of organic C (OC) is given by the total O carbon (TOC, expressed in wt%), equal to the sum of pyrolysed OC and residual OC provided by the oxidation stage.
RE6 pyrolysis signal deconvolution
For some samples, S 2 signals corresponding to HC compounds released during the pyrolysis stage have been studied previously . These signals are generally accompanied by shoulders (multilobed signals) corresponding to various HC clusters displaying different thermal stabilities (Disnar et al., 2003) . For the present samples, PeakFit software (SPSS®) was used in order to decompose these S 2 signals into elemental gaussians (R2 > 0.99). Each of these gaussians describes the release of HC clusters having their own T peak (°C) and can be expressed in a percentage of the S 2 signal .
Molecular investigations
Samples were freeze-dried and crushed before extraction with dichloromethane (DCM). The extract was fractionated using liquid chromatography (alumina and silica column) into saturated, aromatic and polar components with successive elution by pentane and by a mixture of pentane and DCM (Faure et al., 1999) . Polar compounds were recovered with methanol/dichloromethane (MeOH/DCM).
Gas chromatography-mass spectrometry (GC-MS) analysis of aliphatic and aromatic hydrocarbons were performed with a HP5890 series II gas chromatograph coupled to an HP5972A mass spectrometer, using a 60 m DB-5J & W fused silica column (0.25 mm i.d., 0.1 μm film thickness). Analyses were carried out for A-LAV1, A-LAV2, A-BRV1 and A-BRV2 weathering profiles, associated bedrock and riverine particle samples in order to obtain and compare their molecular geochemical fingerprints.
Isotopic and chemical investigations
Samples were crushed, decarbonated (H 3 PO 4 , 1 N), rinsed and air-dried. Because of the possible occurrence of residual carbonate after the H 3 PO 4 treatment, bedrock and deeper layer soil samples (A layer) were decarbonated a second time with HCl (2 N). X-ray diffractograms were used to check the efficiency of decarbonatation. Sample Br-2R, corresponding to Bajocian substratum, was treated (1 h) with hot concentrated HCl to removed dolomite, as evidenced with X-ray diffractograms.
Stable C isotope measurements [δ 13 C‰ relative to Pee Dee Belemnite (PDB)] and elementary (C and N, %) measurements were carried out with a mass spectrometer (VG Isochrom EA). δ 13 C PDB‰ and Graphite IAEA USGS-24 carbon/azote, Sulphanilamide Carlo Erba standards were used for these investigations.
Chemical and optical results
Chemical data are listed in Table 1 and Table 2 and Fig. 3 and Fig. 4 and the optical data in Fig. 5, Fig. 6 , Fig. 7 and Fig. 8 . The Rock-Eval results from the soil profiles, bedrocks, riverine particles and A-LAV1 profile have been published previously .
Bedrock samples
Bedrocks samples are characterized ( Fig. 3 and Fig. 4 (Fig. 5) consist mainly of OLC (52-87%), and only the Callovo-Oxfordian sample from Le Laval differs, with more abundant RAOM and GD particles (respectively 24% and 10%). Pyrite is observed in overall rock samples, the relative proportion varying between 3% and 32%.
Soil profiles
Litter samples (OL) are characterized ( Fig. 3 and Fig. 4 (Fig. 3 and Fig. 4 , Table 1 ). The organic particles (Fig. 5) mainly consist of LC, SP, cuticles and mycelium fragments (>90%).
Other soil profile samples are characterized by TOC, HI and C/N values ( Fig. 3 and Fig. 4 , Table 1 ) decreasing with depth and which do not exceed 3.84%, 226 mg HC g −1 TOC and 17, respectively, in deeper horizons (A layers). T max values are relatively low in organic layers (320-335 °C for OL, OF and OH samples) and increase significantly in the A layers (>400 °C for the Le Laval and 340-400 °C for Le Brusquet samples). δ 13 C values for A layers vary from −25.2‰ to −26.2‰. The organic particles (Fig. 6 ) consist mainly of LC, SP, cuticles and mycelium fragments, but their relative contribution decreases from upper to lower horizons. Conversely, RAOM, GD and OLC amounts increase with depth and can, respectively, reach 30%, 62% and 42% in A layers. No significant report of pyrite is noted in soil profiles (except for 1% in A layers).
Weathering profiles
Several trends can be seen, depending on the density of plant cover.
Samples from profiles without plant cover (A-LAV2 and A-LAV3) are characterized ( Fig. 3 and Fig. 4, Table 2 ) by low TOC (<0.7%), HI (<24 mg HC g −1 TOC) and C/N (<7.3) values. T max values are frequently high (>499 °C) and δ 13 C values vary between −27.37‰ and −28.4‰. The organic particles (Fig. 7) consist mainly of OLC (between 43‰ and 68%), RAOM (between 8% and 22%) and GD (between 11% and 23%). All these organic parameters do not show significant trends with depth while pyrite increases from 0% to 15%.
Profiles underlying significant plant cover (A-LAV1, A-BRV1 and A-BRV2) show different results:
In the A-LAV1 profile (Fig. 3 and Fig. 4, Table 2 ), TOC decreases from 0 to 35 cm and then remains constant (1.87% to near 0.3%), HI decreases from 178 to 59 mg HC g −1 TOC, C/N values decrease from 14 to 5.3 and T max also decreases with depth from 400 °C to 215 °C. δ 13 C values are close to −26.3‰.
In the A-BRV1 profile ( Fig. 3 and Fig. 4, Table 2 ), the values are more contrasted; compact fragments of rock (pl) samples are characterized by weak TOC content (<0.12%) and are totally depleted in hydrogen, but exhibit low T max values (<265 °C). Other samples are characterized by TOC and HI values decreasing with depth (from 2.39% to 0.15%, and from 133 to 0 HC g −1 TOC, respectively), while T max values decrease (from 378 to 250 °C), except for sample 7 (592 °C). The δ 13 C values range between −26‰ and −27.05‰.
In the A-BRV2 profile ( Fig. 3 and Fig. 4 , Samples from the A-LAV1, A-BRVI and A-BRV2 profiles show significant amounts of LC, Cut, Myc and SP particles (Fig. 7) that decrease with depth from approximately 25% to 66% for the upper samples to <10% for the deeper samples. In contrast, OLC particles increase with depth and can reach >50% in the deepest samples. GD particles do not exhibit a clear trend as RAOM. Pyrite occurs only in the deepest samples of the profiles (<1%).
Riverine particles
The suspended load (SL samples) collected in the Le Brusquet stream shows modest TOC (1.26%) and HI (121 mg HC g −1 TOC) values, while the bed load sample is characterized by lower TOC (0.72%) and HI (28 mg HC g −1 TOC) values (Fig. 3 and Fig. 4 The organic content (Fig. 7) is mainly composed of OLC (average contribution 70%), GD (between 2% and 18%), RAOM (between 1% and 8%) and CoOLC (between 0% and 9%).
Pyrite is systematically present in all samples and represents around 10% of the counted items.
Molecular characterization
The studied samples have generally weak rates of extractions (<100 μg/g) with the exception of the A-BRV2 profile sample (Table 2) . These rates are very low compared to samples of TOC and show that the majority of FOM are insoluble with acid treatments. It is considered that the extract yield obtained in A-BRV2 is probably higher than those obtained in other samples because this profile is located in woodland.
Only results obtained on the saturated and aromatic hydrocarbon fractions are shown because other studies appear to be adapted to discriminating modern from fossil organic contributions ( , [Lichtfouse et al., 1997a] , [Lichtfouse et al., 1997b] and [Faure et al., 1999] ).
Weathering profiles
Only the A-BRV1 and A-BRV2 profiles were analyzed because the extract yields of samples from Le Laval profiles were too low (Table 2) . Samples from the top of these two profiles (A-BRV1 2, A-BRV2 3 tf; Fig. 8a and b) are characterized by a bimodal distribution of n-alkanes centered on C 17 and C 31 , and marked by a predominance of odd C numbers in the C 25 -C 31 range. On the other hand, bedrock samples (L8TO9 and Br-6R2) show a complex distribution of low molecular weight n-, iso-or cyclo alkanes (C 16 -C 23 range), without a predominance of odd or even C numbers. Intermediate molecular fingerprints were observed for samples A-BRV1 6 pl, A-BRV1 6 tf, A-BRV2 4 tf and A-BRV2 4 pl. However, the relative abundance of the higher n-alkanes decreases with depth.
Because of very low intensities of the chromatograms, aromatic compounds were only examined for A-BRV1 2, A-BRV2 4 tf and the A-BRV2 4 pl samples. Dehydroabietane and retene were present in A-BRV1-2, and only dehydroabietane in the two A-BRV2 samples. Retene and its precursor dehydroabietane are characteristic of gymnosperms (such as spruces and pines; Otto and Simoneit, 2001).
Riverine particles
Whatever the sampling season, aliphatic hydrocarbons in the SL samples consist of n-alkanes mainly in the C 16 -C 22 range and marked by an even predominance. Such a distribution corresponds to an algal and/or a microbial contribution. The aromatic hydrocarbon distribution appears to be more complex, with alkyl benzenes, alkyl phenantrenes, alkyl pyrenes and alkyl chrysene. Other aromatic hydrocarbons (norabietatrienes, cadalenes and calamenes) are also present whatever the sampling season, but become predominant in summer. Saturated and aromatic hydrocarbon distributions of BL samples are closely similar to those of the SL samples.
Definition of fossil organic markers
Excepted the measurement sites, the experimental watersheds are devoid of present day human activities. So, the two main OC sources for the studied samples are considered to be: Recent OM (ROM) and Fossil OM (FOM). ROM, inherited from land cover production (vegetation), feeds organic soil horizons and can be stored in deeper soil horizons (A horizons), regolith and can contribute to suspended load. FOM is released during rocks weathering and so can be found in regolith which feeds organo-mineral horizons where a mixing with ROM can arise. In addition, such mixing also occurs in riverine particles since marly bedrocks are considered to be highly erodible and can contribute significantly to the sediment load.
The monitoring of FOM requires the definition of markers, which can be deciphered after the analyses of OM in rocks (FOM) and in litter (ROM) as litter does not contain FOM. In the following paragraphs, a critical analysis of the results is presented in order to choose the investigations that are relevant to clearly discriminate the FOM of the ROM in the studied samples.
Non-self sufficient investigations
Litter and bedrock δ 13 C values are too similar (respectively −26.2‰ to −28.4‰ and −25.2‰ to −26.9‰) to provide a significant discrimination between FOM and ROM. On the other hand, C/N and HI values differ significantly in litter and bedrock samples: high values occurring in the litter samples and low values in bedrock samples. However, soil HI and C/N values generally decrease during pedologic evolution ( [Duchauffour, 2001] and [Disnar et al., 2003] ). So, a low HI or C/N value in A layer samples can either be due to a high proportion of FOM in the studied sample or to some ROM processes (mineralization and humification processes). T max values are also too scattered in bedrock samples to be considered as discriminatory. TOC values are quite low in bedrock samples and mostly measured during the oxidation stage of the Rock-Eval 6 pyrolysis (i.e. 95% of TOC is considered as residual OC, see also Section 3.2.). The amount of HC measured by the FID detector during the pyrolysis stage is negligible and explains the low HI values of bedrocks. The S 2 signal is then just above the background noise of the FID detector and could explain the dispersion of some T max values as seen for sample T4 (T max = 211 °C). For this sample very low T max value can also be understood as the occurrence of free HC initially entrapped in the OM structure and rapidly released during pyrolysis.
For these reasons, isotopic, elemental and classical Rock Eval pyrolysis investigations can be considered as not self sufficient to identify FOM or ROM in the studied samples.
Representative investigations
Molecular investigations
Molecular investigations clearly show that bedrock organic contents are characterized by an unimodal distribution of n-, iso-or cyclo alkanes centered between C 16 and C 23 without even or odd c number predominance. Soil samples are very different and mainly yield n-alkanes centered on C 17 and C 31 with an odd C number predominance.
Optical investigations
FOM is mainly dominated by opaque particles that can represent 52-87% of the total items, with ROAM and GD having lower proportions (between 0% and 24%, and 0% and 10%, respectively, cf. T4 sample). Such opaque particles are not observed in litter samples (OL, OF and OH) but rather originated from some ligno-cellulosic tissues remaining after thermal maturation of organic matter during burial (i.e. vitrinite particles, [Combaz, 1980] and [Tyson, 1995] ). Consequently, this kind of particle would characterize FOM observed in some various outcropping marly bedrocks containing ligno-cellulosic organic matter ( [Di-Giovanni et al., 1997] , [Di-Giovanni et al., 1998 ] , [Di-Giovanni et al., 1999] , [Di-Giovanni et al., 2000] and [Graz et al., 2010] ). Their significant reflectance under reflected light mode, and the lack of structure inherited from plant precursors discern them from fresh to highly altered soil OM. These particles are thus representative of FOM and the palynofacies method can be considered as a useful tool for the discrimination of ROM from FOM.
RE6 pyrolysis signal deconvolution
A first study dealing with the RE6 pyrolysis method has already been published and concerned some samples analyzed in the present study . In the present work, S 2 signals from RE6 pyrolysis (see methods section for details) can be decomposed into six gaussians corresponding to six clusters of OM (F1, F2, F3, F4, F5 and F6, Table 1 and  Table 2 ) characterized by their own T peak (°C). F1, the most labile, and F6, the most refractory towards pyrolysis temperature were found in bedrock OM but are absent in litters layers. Accordingly, these two clusters can be considered as FOM markers .
Discussion
Isotopic and classical geochemical investigations (δ 13 C, C/N, RE6 parameters) are considered to be indecisive for evidences of FOM occurrence in the studied C reservoir since possible confusion with ROM may arise. However, data from these non-discriminative methods (see Section 6.1. and Table 1 and Table 2 ) do not exclude the occurrence of FOM. Hereafter, the focus is mainly on analytical methods which undoubtedly identify FOM.
Occurrence of FOM in studied pools
Riverine particles
All investigations (optical, geochemical, elemental, isotopic and molecular) of riverine particles show that the bed and suspended load sample (BL and SL) organic contents are very similar to those of the bedrock. As an example, the occurrence of alkyl benzenes, alkyl phenantrenes, alkyl pyrenes and alkyl chrysenes in riverine samples underlines a bedrock contribution.
Weathering profiles
OM quality in the weathering profiles appears to be very close to that of the bedrock as supported by the contribution of opaque particles which can reach 71%. A significant ROM contribution only occurs in surface and tf samples from some vegetated profiles (A-LAV1, A-BRV1 and A-BRV2). This mixing between FOM and ROM is marked by the occurrence of LC decreasing with depth. This is also evidenced by the predominance of low molecular weight n-alkanes at the bottom of the profiles, inherited from FOM, where their relative contribution decreases toward the surface (10-50% of the initial content). These aliphatic compounds are then replaced by longer n-alkanes, in the C 25 -C 31 range, with an odd predominance, consistent with some cuticle wax input from higher plants.
FOM markers (F1, F6), described after S 2 signal deconvolution, occur at the bottom of the A-LAV1 profile, but only F6 is observed along the profile . F1 disappearance in the A layer samples shows that FOM quality does not remain constant during the transfer from bedrock to soils and persists only in its refractory form.
Soil profiles
In soil layers, petrographical signatures show organic material that is a mixture of FOM and ROM, in particular in A layers. Indeed, fossil organic markers are absent in litter layers but are a significant in A layers (opaque particles can range between 0% and 43% of the total counted particles).
Fate of FOM in pool transitions
Continental surfaces are subjected to two principal weathering processes, (bio)chemical and mechanical. For the studied watersheds, mechanical weathering corresponds to direct erosion (regressive erosion) of the marls by streams responsible for the observed badlands morphology. Chemical weathering, responsible for the formation of weathering profiles, corresponds to the hydrolysis of the marls by infiltrating water Macaire, 1989 and Macaire, 2003] ). Under vegetation, biochemical processes are dominant (bacterial activity and infiltrating water) for soil formation.
The results reveal that the direct transfer from bedrock to riverine particles does not alter FOM, both quantitatively and qualitatively. No mineralization of marl OM occurs during regressive erosion.
The bedrock/weathering profile transfer is accompanied by a degradation of the pyrite (optical analysis), but has no significant effect on FOM quality, notably on the profiles without vegetation cover. Chemical weathering seems to have no significant impact on the FOM input to modern environments.
In the soil layers and in the upper layers of the weathering profiles under vegetation, the OM is a mixture composed of FOM and ROM. From the base to the top of these profiles, the observed decrease of the FOM proportion and low molecular weight n-alkanes could mean FOM weathering and/or dilution within ROM. However, the transfer between weathering profiles and soils, marked by strong biological activity, is also accompanied by the disappearance of the F1 cluster. This result clearly illustrates a selective and qualitative weathering of FOM as a result of biochemical processes.
Draix watersheds FOM representativeness
In soils and recent sediments, FOM and thus FOC can be stored or weathered according to the weathering rate. After erosion, FOM can be conveyed by drainage networks with suspended load and then, can be stored within the floodplains or can reach the ocean. This probability to FOM being weathered, stored or carried to ocean is related to the complex relationships and feedbacks between numerous parameters depending on climate, geology, anthropogenic activities and physico-chemical properties of the FOM (Copard et al., 2007) . As a consequence, the results cannot be easily extended to other drainage basins as illustrated by some previous studies on weathering profiles and FOC transfers over continental surfaces. As some examples, Black shale weathering profiles, containing marine-derived OM, exhibit C losses reaching 60-100% (Petsch et al., 2000) while coal (OM inherited from higher plants) weathering profiles, exhibiting some variable maturity degrees, show a C loss comprising between 20% and 45% ( [Fredericks et al., 1983] , [Lo and Cardott, 1995] and [Copard et al., 2002] ). It is not surprising that graphite, the ultimate end-member in terms of maturity reached by OM during burial, is considered un-weatherable . At the scale of the Himalayan range, these same authors concluded that 30-50% of FOC are preserved during an erosion cycle and eventually buried in sediments.
In the present study, climatic and lithologic forcing drive the landscape to a badlands morphology with the highest erosion rate in the world (Nadal-Romero et al., 2008) . Consequently, FOM residence time in the surface is likely to be insufficient for a significant impact of weathering on the quality of FOM and on the FOC content exported by such ephemeral river networks. In addition to the strong optical and chemical similarities between riverine OM and bedrock OM, this point is evidenced by the occurrence of pyrite in OM riverine samples which is considered as highly weatherable (Chang and Berner, 1999) . All things being equal, the results can be compared with other drainage basins displaying some similarities in terms of (i) lithology (marls and shales), (ii) FOC contents (0.1-1%) and (iii) a huge sedimentary load. Thereby, previous works have shown that FOC is a significant fraction of OC sediments loads from mountainous and coastal drainage basins from the USA (e.g. Blair et al., 2003) , New Zealand (e.g. Gomez et al., 2003) and Taiwan (Kao and Liu, 1996) . At the global scale, sediment loads from mountainous rivers represent 40% of the total sediment input delivered to the world oceans (20 Gt/a, Milliman and Syvitski, 1992) . Consequently, if it is assumed that the average FOC content of such sediments is generally close to 0.5 wt% (Meybeck, 1993) , up to 0.04 Gt/a of FOC could be exported to marine sediments, with a possible C storage downstream of the river (Blair et al., 2004) . In another context such as basins without marked relief, the occurrence of aged organic C has also been reported in some American rivers ( [Raymond and Bauer, 2001] and [Leithold et al., 2006] ), but the origin (sedimentary rocks vs. ancient soils, Blair et al., 2004) and the fate of this C remains uncertain.
All these examples underline the intricacy of relationships between numerous parameters involved with weathering, preservation and transfer of FOM on continental surfaces. Furthermore, to the authors" knowledge, little work has been reported dealing with FOC transfer within badland areas. Remediation of this is essential to constrain the FOC fluxes (and its storage) within continental surfaces and the role of this C form within the biogeochemical C cycle.
Conclusions
A first field study marked by a "multi-pool-multi-analytical" approach has been carried out. Optical, isotopic, chemical and molecular investigations were conducted in order to determine the FOM contribution to various continental C reservoirs by considering the weathering profile, soil and riverine loads.
The results highlight the significant contribution of FOM to all the studied compartments. Bedrock/weathering profiles transition (chemical weathering) and bedrock/riverine particles transition (mechanical erosion) involve little or no qualitative and quantitative changes for FOM. In addition, even if a significant FOM contribution is present in A layers, the weathering profile/soil transition provides evidence for a qualitative change of FOM characterized by the disappearance of its most labile fraction.
The results point to the fact that the FOM from continental surfaces resulting from weathering does not simply act as a source of C to the atmosphere or a direct input in soils or riverine particles. Such a contribution should be taken into account by other studies based on organic matter data, in particular those working on organic stocks and fluxes. In fact, FOM fate appears to be controlled mainly by (i) the nature of the weathering processes (e.g. hydrolysis, bacterial activity), (ii) the duration of exposure and (iii) the physical and chemical properties of FOM that lead to a variation of its sensitivity toward weathering. Further studies should be performed to clarify the role of FOM in the C cycle in terms of delivery and fate. 
